Higgs Physics

Open Questions and New Ideas

Hitoshi Murayama (Berkeley, Kavli IPMU Tokyo)
Snowmass Energy Frontier WS, July 21, 2020
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2014 US P5 report:

“Use the Higgs boson as a new tool for discovery.”

2017 JAHEP report:

“In light of the recent outcomes of the LHC Run 2,
JAHEP proposes to promptly construct ILC as a Higgs
factor with the center-of-mass energy of 250 GeV in
Japan.”

2020 European Strategy for Particle Physics:

“An electron-positron Higgs factory is the highest-
priority next collider.”

Michael Peskin yesterday
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Higgs exists!

ATLAS-CONF-2016-067
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LEP/SLC, Tevatron




Particles slow down Without Higgs,

we evaporate in
a billionth of a second



Q‘o

| hated It!
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¢ Higgs boson is the only spin 0 particle in the standard
model
e we have never seen one before
e one of its kind, no context
¢ pbut does the most important job

¢ |ooks very artificial

e we still don’t know dynamics behind the Higgs
condensate

® Higgsless theories: now de
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Context for
Scalar Bosons?

Supersymmetry
e Higgs just one of many scalar bosons
e SUSY loops make mn2 negative
® superpartners
composite
® spins cancel among constituents
e condensate by a strong attractive force, holography
e top partner, pPNGBs, vector-like quarks
Extra dimension
® Higgs spinning in extra dimensions
e new forces from particles running in extra D
o KK particles

a different “naturalness” argument



Higgs mass range

SM (valid up to Mp) —

preferred

Supersymmetry !
MSSM I 3
: preferred
Composite Higgs *

1
GeV
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By A Pomarol

Hyung Do Kim



Nima’s anguish
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mH=125 GeV seems almost maliciously designed
to prolong the agony of BSM theorists....



dream case
for experiments
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stupid not to do this!
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:"Higgs as a portal

¢ Higgs boson may connect the Standard Model to other
“sectors”

SU(3)exSU(2)xU(1)y

hidden
sector

L = Onigagen H'H



History of Colliders

1. precision measurements of neutral current (i.e. polarized
e+d) predicted mw, mz

2. UAT1/UA2 discovered W/Z particles

3. LEP/SLC nailed the gauge sector

1. precision measurements of W and Z (i.e. LEP + Tevatron)
predicted m: and mn

2. Tevatron discovered top, LHC discovered a Higgs particle

3. LC nails the top & Higgs sector?
1. precision measurements at LC predict 7?7



Standard Model

Quarks Higgs

Leptons

Force Carriers

©Particle Fever



Higgs as central theme

 Higgs is at the center of the Standard Model

the only particle that talks to everybody

the only particle that doesn’t spin

the only particle that is condensed in the universe
the lowest order coupling to new physics

the source of all masses of elementary particles

We don’t know why it is the case for any of the points
above

unbelievably important & special particle!
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Effective Field Theory

® coal: establish deviation from the SM

® Effects of high-energy physics mostly
disappear by power suppression

1
£:£SM+ K£5 | A2£6‘|‘
® can be classified systematically
|
Ls=(LH)(LH) — A(L(H})(L<H>) = myvv

Lo = QQQL, La"" W, H, eqp WIHW WA,
(H'D,H)(H'D"H), B,, HHW"H, - ..



He = H*H™ +ufQTHHT? +2Q%Q" + Q3L + Q°L + 2QQ  LL + L?L1? + uQH?H'
+2uu'QQT + uu' LLT + v?u'? + e™u'Q? + ' LTH?H" + 2e™u'QTLT + e LHH? 4 euQ'?
+2euQL + ee'QOQT + eeT LLT + eeTuu’ + 2?2 + dTQTH?*H" + 2d"u' QT2 + d'u QL
+dTe’u +dTeQ'L + dQHHT? + 2duQ? + duQ'LT + de" QLT + deu? + 2dd'QQ" + dd'LL"
+2dd"uu’ + dd'ee” + d*d"? + w'QTH'Gr + d'"QTHGr + HH'G% + G% + uQHG,
+dQH'G, + HH'G2 + G5 +u'QTH Wr + ' LTHWR + d'QTHWr + HH'WZ + W3
+uQHW + eLH' Wy +dQH"W;, + HH'W?2 + W3 +uw'Q"H'Br + e' L' HBpR
+d'"Q"THBr + HH'BRWgr + HH'B% + wQHB;, + eLH'B;, + dQH'B;, + HH'B, W}
+HH'B?2 +2QQ"HH'D+2LL"HH'"D + wu'HH'D + ee' HH'D + d'wH?*D + du' H'?D
+dd'HH'D +2H*H'*D?. (3.16)

D: space time derivative

it took community from 1980 to 2013



CFT to classify operators

Henning, Lu, Melia, HM
H1tosh1 no- MacBook Pro. local 44 form hssmo. Frml




No. of independent ops
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algorithm for chiral Lagrangian, HEFT soon



ete-

* simple kinematics

* no loss of the longitudinal
momentum (modulo photon
emission)

e can make use of all final states

* not just easily identifiable
particles (i.e. leptons@LHC)

e capture all information for a
given event

m™m
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115

Signal+Background
—— Fitted signal+background
—— Signal

Fitted background
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Power of electron polarization at ILC
Scalar muon production

# Events

// g
111114{((455111155 Vo

0 20 40 60 20 100 120 140 160 120

acop

Polarized  (90% e) Background signal

polarization important tool for separating different EFT operators
Sachio Komamiya @ Snowmass 2013



production mechanisms

2 e 2
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102 = B HEPiT B HL+HELHC HL+ILC2s50 HL+CLIC3g0 HL+FCCee240 ”_10—1
September 2019 SMEFTyp fit B HL+ILCip00 W HL+CLIC3000 B HL+FCCege/ehhn N
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HL+|LC250
HL+|LC500

B HL+HELHC

Higgs@FC WG T Single operator fit

HL+CL|C380
HL+CL|C1500
B HL+ILCipo0 M HL+CLIC300

HL+FCCee24o
HL+ FCCee
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polarization buys x2.5 in statistics

o
&

Model Independent EFT Fit LCC Physics WG
B HL-LHC ®ILC250 x 1/2
3 B HLLHC 6ILC250 & ILCS00 | x 1/3.
B HL-LHC ®ILC250 ® ILC500 & ILC1000 x 1/10
darknight: wwmeUt BSM decays ...................................................

N
&

1.5

0.5

Precision of Higgs boson couplings [%]

Z W b = g ¢ I, T, v Zy uw t A
arxiv:1908.11299

8 Michael Peskin yesterday



# of “largely” improved H couplings (EFT)

CLIC380 9 6 4 7
Initial FCC-ee240 10 8 3 9
run CEPC 10 8 3 10
ILC250 10 7 3 11

FCC-ee365 10 8 6

2nd/3rd || CLIC1500 10 7 7
Run ee ||HE-LHC 1 0 0 20

ILC500 10 8 6

hh CLIC3000 11 7 7
ee,eh & hh || FCC-ee/eh/hh 12 11 10 >50

13 quantities intotal  \B. nymber of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x107

Beate Heinemann @ Granada



Only one? (SM)
has siblings? (2DHM)
not elementary?

Deviation fr

only one

Lumi 1920 fb-1, sqrt(s) = 250 GeV
Lumi 2670 fb-1, sqrt(s) = 500 GeV

MSSM (tanf =35, M, =700 GeV) MCHMS (f =1.5TeV)

C T b t w Z

not elementary

Deviation fr
Deviation fr

has siblings




twin Higgs, dark sector

Invisible H decays: H—E ™ss

I , (J Direct Search
. st on
FCX( c.w..h.'hhl EEm Fit to Br,

FCCee365 [ Higgs@FC WG
FCCeey4 I |
CEPC
CLIC 300 -
CLIC 500
CLIC3g0
ILC s
ILCas Direct searches dominate sensitivity
LHeC - > HL-LHC will have sensitivity to ~2.6%
' - e+e- colliders improve to ~0.3%
- FCC-hh probes below SM value: ~0.025%

HL-LHC

() 0.5 l 1.5 2 2.5 3




2
o, (x-nucleon) [cm?]

Introduction Higgs to invisible BSM scalar mediator Comparison to direct detection

Higgs portal, plot for direct searches

* Limits on BR can be translated to . DM
limits in the DM-nucleon plane v/
W\

o = Ty SN )zgx(%), (15)  arXiv:1708.02245

v2Bm3 (my + my My

q
where gg(z) = 1, SM

gs(2) = 2/(z® = 4), B = \/1—4m2/m2, v = 246 GeV —

direct detection limits
Preliminary, Granada MayM

Caveat: EFT validity
in Higgs-DM
Preliminary, Granada May 2019 interaction not
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- Direct searches, Scalar DM P ~ Direct searches, Majorana DM
_48 -50 . . . . A
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1 European Strateg) 1 10 10 1 03 European Strateg)
* mX [GeV]

Caterina Doglioni - 2019/05/13 - European Strategy Update 24



baryogengesis + DM

dark sector SM

2 Higgs doublets
with CPV
1st order PT

Higgs

heavy lepton
play role of
top quark

light u, d

e Y 2V Mixing

ete-

Eleanor Hall, Thomas Konstandin, Robert McGehee, HM + Géraldine Servant
arXiv:1911.12342



BR(h—EXxotics)
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Higgs —dark sector =SM

95% C.L. upper limit on selected Higgs Exotic Decay BR

(m HL-LHC
m CEPC

m ILC(H20)

m FCC-ee )

| : : 1 _
LR RIR IR REIERE

Mk, (bb)*MEr Oj)HMEr ( TT)*MET bb*MEr jj*MET ’“MET (bb)(bb) (CC)(CC) ) (bb)(rr) (Tr)(,,) (jj)(}/y) % 207

Zhen Liu, Lian-Tao Wang, Hao Zhang, arXiv:1612.09284




Why is Higgs condensed?

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

0

A NN
10 20 30 40 50

68% CL bounds on , [%]

FCC-ee/eh/hh
5% 25% (18%)
LE-FCC LE-FCC
15% n.a.
FCC-eh, N FCC-eh,
...... A7+24%  ==na .
FCC-ee;.
1 24% (149%)
FCC-ee,,,
33% (19%)
FCC-ee,,,
............................... 49% (19%) .....
II‘C1ooo N\ II—C1ooo
10% 36% (25%)
ILC,,, J ILC,,,
27% 38% (27%)
ILC,,,
............................... 497% (29%)......
CEPC
............................... 49% (17%) .....
CLIC,,,, CLIC,,,,
-7%+11% 49% (350/0)
CLIC, 4, | CLIC, 500
36% 49% (41%)
CLIC,,,
50% (46%)

All future colliders combined with HL-LHC



case for Higgs at LC

| I 111l
LHC HIGGS XS WG 2013
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stupid not to do this!




